Neuroimaging and lesion studies have implicated specific prefrontal cortex locations in subjective memory awareness. Based on this evidence, a rostrocaudal organization has been proposed whereby increasingly anterior prefrontal regions are increasingly involved in memory awareness. We used theta-burst transcranial magnetic stimulation (TBS) to temporarily modulate dorsolateral versus frontopolar prefrontal cortex to test for distinct causal roles in memory awareness. In three sessions, participants received TBS bilaterally to frontopolar cortex, dorsolateral prefrontal cortex, or a control location prior to performing an associative-recognition task involving judgments of memory awareness. Objective memory performance (i.e., accuracy) did not differ based on stimulation location. In contrast, frontopolar stimulation significantly influenced several measures of memory awareness. During study, judgments of learning were more accurate such that lower ratings were given to items that were subsequently forgotten selectively following frontopolar TBS. Confidence ratings during test were also higher for correct trials following frontopolar TBS. Finally, trial-by-trial correspondence between overt performance and subjective awareness during study demonstrated a linear increase across control, dorsolateral, and frontopolar TBS locations, supporting a rostrocaudal hierarchy of prefrontal contributions to memory awareness. These findings indicate that frontopolar cortex contributes causally to memory awareness, which was improved selectively by anatomically targeted TBS.
Introduction
Monitoring of memory performance is often essential for the effective use of memory (Dunlosky and Bjork 2008; . For instance, the degree to which students accurately evaluate memory during learning affects the time allotted to study specific information, choices regarding when to terminate study, and subsequent memory performance (Metcalfe 2013; Fleming and Frith 2014) . Lack of awareness of suboptimal learning and retrieval is maladaptive (Nelson and Narens 1980; Chua et al. 2014 ) and could hinder timely intervention in cases of memory impairment (e.g., Cosentino 2014) .
Despite a crucial role for awareness in learning and memory, little is known regarding neural mechanisms. Lesion-deficit studies suggest that frontopolar prefrontal cortex damage is particularly disruptive for organized behaviors involving memory monitoring and manipulation of memory representations (Christoff and Gabrielli 2000; Shimamura 2002; Dreher et al. 2008; Burgess et al. 2010) . Indeed, frontopolar cortex is the apex of rostrocaudal hierarchically organized prefrontal cortex (e.g., Fuster 1997; Koechlin and Summerfield 2007; Badre 2008) . The relatively high convergence of posterior cortex onto fewer frontopolar regions suggests that frontopolar cortex may be ideally situated for monitoring memory and perhaps other types of information (Miller and Cohen 2001; Ramnani and Owen 2004; Simons et al. 2008; Passingham and Wise 2012) .
The hypothesized role of frontopolar cortex in memory monitoring is consistent with evidence linking this region to integration of short-term representations over time, especially during demanding tasks (e.g., Koechlin et al. 1999; Christoff et al. 2001; Braver and Bongiolatti 2002; Badre and Wagner 2004) . In working-memory and reasoning tasks that require integration, frontopolar cortex may be crucial for monitoring response conflicts by differentiating relevant from competing (i.e., interfering) representations. For instance, Badre and Wagner (2004) identified increased frontopolar cortex activity during a working-memory task requiring information integration over time, as well as frontopolar involvement in monitoring response conflict via functional coupling with anterior cingulate cortex. In some instances, such as in working memory, frontopolarmediated integration may be adaptive by reducing overdependence on external stimuli in service of a superordinate contextual goal. However, in other types of memory tasks, such as paired-associate recognition, integration of associative information over multiple trials may be detrimental to memory by introducing interference that builds over time.
Previous work suggests that frontopolar activity and graymatter volume are associated with awareness more so than with performance accuracy in memory tasks (Chua et al. 2014) and in visual perceptual tasks (Fleming et al. 2010 ). This role of frontopolar cortex in awareness has been supported by several lesion-deficit experiments that find selective awareness deficits in patients with rostral prefrontal lesions (Burgess et al. 2010) . However, the permanency of brain lesions, lack of control over damage location, and possible compensatory responses after brain damage complicate inferences regarding frontopolar cortex and awareness.
Theta-burst transcranial magnetic stimulation (TBS) has been used to modulate prefrontal activity in healthy individuals. Continuously applied TBS can temporarily inhibit cortical function for a period outlasting stimulation (e.g., Dayan et al. 2013) , although increased functional connectivity of stimulated regions has also been observed (Gratton et al. 2013) . Prefrontal contributions to awareness have been primarily tested with TBS in perceptual rather than in memory tasks (e.g., Fleming et al. 2010; Rounis et al. 2010; . In one of the few studies of TBS in memory, Lee et al. (2013) found that dorsolateral TBS improved accuracy of memory responses made without awareness (cf. Voss and Paller 2009). However, Blumenfeld et al. (2014) recently found that ventrolateral TBS during word encoding impaired subsequent item recognition memory, whereas dorsolateral TBS marginally increased memory performance relative to a control location. Previous studies have not tested distinct roles of frontopolar versus other prefrontal regions in memory awareness. We therefore used TBS to test hypothesized roles of frontopolar and dorsolateral prefrontal cortex during a pairedassociate memory task incorporating four measures of memory awareness.
Materials and Methods

Participants
Twenty-one participants were recruited from the Chicago metropolitan area. Data from three participants were discarded (due to failure to complete one or more of the experimental conditions). This resulted in a final sample of 18 individuals (11 females; ages 21-47 years; mean age = 28.22 years). All participants were right handed, had normal or corrected-to-normal vision, did not report neurological or psychiatric disorders, and did not report the current use of psychoactive drugs. All participants gave written, informed consent and were remunerated for their participation. All participants were eligible for MRI and TMS procedures based on standard MRI safety screening as well as on their answers to a TMS safety-screening questionnaire (Rossi et al. 2009 ). The Institutional Review Board at Northwestern University approved the study protocol.
Experiment Design
After acquiring a structural MRI scan, each participant completed three experiment sessions each separated by at least 1 day (range = 1-7 days, mean = 2.22 days), with different bilateral TBS targets used each session (frontopolar, dorsolateral, or control) . After a delay of 5-20 min following bilateral TBS, each individual completed an associative memory task during which memory awareness was measured (see below). Six participants performed the experiment after a 5-min delay during which experiment instructions were given. The remaining 12 participants performed the experiment after a 20-min delay during which a different memory task involving different stimuli and task demands was performed (not reported here). No differences between these two delays were identified when entered as a factor in analyses, and the same pattern of findings was observed within each delay group when analyzed separately. Findings are thus reported collapsed across delay duration. The order of the stimulation locations across days was randomized across participants, with approximately the same number of participants receiving each stimulation condition for each of the three sessions (seven received frontopolar stimulation for session 1, five received dorsolateral stimulation for session 1, and six received control stimulation for session 1).
MRI Parameters
MRI data were collected at the Northwestern University Center for Translational Imaging, supported by the Northwestern University Department of Radiology. A Siemens 3T TIM Trio whole-body scanner with a 32-channel head coil was used. Head movement was minimized with padding. A structural image was acquired to provide anatomical localization (MPRAGE T 1 -weighted scans, TR = 2400 ms, TE = 3.16 ms, voxel size = 1 mm 3 , FOV = 25.6 cm, flip angle = 8°, 176 sagittal slices). Structural MRI data were processed and stimulation targets were marked using AFNI (Cox 1996) .
Identification of Stimulation Locations and TBS Parameters
We identified bilateral stimulation locations for each participant (Fig. 1) . The structural MRI for each individual was first transformed into stereotactic space using the MNI-305 template (Evans et al. 1993 ). The transformation matrix was stored to enable conversion between original MRI space and stereotactic space. After transformation, bilateral targets were identified and marked for frontopolar cortex (Brodmann area 10; MNI x = ±29, y = 66, z = 10), for dorsolateral prefrontal cortex (Brodmann area 46; MNI x = ±52, y = 15, z = 29), and for the control location (central fissure adjacent to paracentral lobule, MNI = ±4, −42, 73). The frontopolar and dorsolateral prefrontal locations were selected based on a balance of three factors: (1) location within Brodmann areas of interest (BA10 for frontopolar, BA46 for dorsolateral), (2) maximum absolute distance between frontopolar and dorsolateral locations, in order to reduce cross-contamination of stimulation effects, and (3) review of previous literature regarding key dorsolateral and frontopolar regions involved in recognition memory and memory awareness (e.g., Cabeza et al. 2003; Osaka et al. 2003; Fernandes et al. 2005; Burgess et al. 2007 Burgess et al. , 2010 Rosner et al. 2013 ). The dorsolateral locations were separated from the frontopolar locations by the greatest possible distance within the corresponding Brodmann's areas, and both sets of locations were activation maxima in the recognition memory fMRI studies listed above. The vertex control location was determined based on the approximate coordinates of Cz electrode from the international 10-20 EEG positioning system. Targets corresponding to stimulation locations were marked in MNI-305 space and then transformed into original MRI space. We then overlaid the targets onto the structural MRI to provide localization during TBS (which requires a structural MRI in original space). Thus, TBS was delivered to the same MNI coordinates in every individual despite individual differences in anatomy. TBS was applied to the stimulation locations using a Nexstim eXimia NBS 4.3 air-cooled, MRI-guided system with a 70-mm figure-of-eight stimulation coil (Nexstim Ltd., Helsinki, Finland). MRI guidance was achieved using frameless stereotaxy, thus allowing for high accuracy in coil positioning and real-time monitoring of movement in order to adjust coil placement accordingly.
Resting motor threshold was determined during the first session as the minimum stimulation value necessary to generate contraction of the right abductor pollicis brevis muscle for at least 60% of pulses (as measured via electromyography using a contraction threshold of 50 mV). For the treatment conditions, TBS was applied at 80% motor threshold to the predefined locations. TBS was continuous, consisting of a series of three 50 Hz bursts separated by 160 ms (i.e., 50 Hz bursts at an ∼6 Hz carrier frequency). As TBS is applied to increasingly anterior prefrontal regions, it may become uncomfortable or even painful. Therefore, prior to TBS, a test pulse was delivered and participants were allowed to discontinue stimulation if they found the pulses aversive. During stimulation, participants were free to pull their heads away from the coil or to indicate their desire to stop the experiment at any time (the three excluded participants withdrew from at least one TBS condition). After indicating a willingness to proceed, TBS was administered continuously for 40 s to each bilateral location, first to the right and then to the left (600 pulses total on each side). Stimulation locations were targeted via MRI using a frameless infrared stereotactic system. The induced current field was oriented perpendicular/anterior to the long axis of the gyrus encompassing the stimulation location. The estimated induced voltage (V/m) at the stimulation location was calculated online based on a realistic head model (Ruohonen and Ilmoniemi 2002) and recorded for each session. The estimated intensity did 
Memory Testing
Objective memory performance and memory awareness were assessed using a novel fractal-object associative-recognition memory task (Fig. 2) , administered using Presentation software (Neurobehavioral Systems). For each session, the task comprised two study-test blocks following bilateral TBS to one of the three stimulation locations, with different stimuli used for each session and block. For each of the two study periods, each of 15 unique color fractal images (used with permission from Harrington 2011) was paired with a unique color object (chosen from the BOSS database, Brodeur et al. 2010) . The pairing of fractals to objects was randomized for each participant. Each fractal-object pair was presented centrally for 8 s, after which participants were prompted to make a judgment of learning rating (JOL) based on the likelihood of remembering the associated items on a later memory test. As is standard with most studies incorporating JOL ratings, participants were explicitly informed that their memory would later be tested. JOLs were self-paced and were made using a 1-9 Likert scale indicating low-to-high confidence, respectively (Nelson and Dunlosky 1991) . Figure 2 . Associative-recognition testing with memory awareness measures. For each study period, participants viewed 15 unique fractal-object pairs for 8 s each and provided JOLs after each pair to indicate likelihood that the studied pair would later be remembered. After study and before test, participants made global predictions of their upcoming test performance. The test included 15 associative-recognition trials. On each trial, participants were shown a studied (old) fractal and attempted to select the one object that was paired with the fractal at study of 20 objects (15 studied/old and 5 unstudied/new). Immediately after each selection, participants made RCJs to indicate likelihood that the selection was correct. After the test, participants provided global estimates ( postdictions) of performance on the immediately preceding test.
There were two study-test blocks for each of the three experiment sessions (with different TBS locations for each session), with different stimuli used for each block.
After each study period, participants were given a 60 s break prior to receiving test instructions and performing a corresponding memory test. For each test trial, participants viewed a fractal image in the upper central portion of the screen. The test was an associative-recognition memory test, such that below each studied fractal 20 color objects were presented arranged in a 4 × 5 grid (Fig. 2) . Of the 20 objects, 15 were old (shown paired with fractals during study) and 5 were new (not presented previously). Participants used a mouse to select the object that they believed was previously paired with the fractal at the top of the screen. After selecting an object, participants were prompted to provide a retrospective confidence judgment (RCJ) based on whether or not they believed that they had chosen the correct object (Cosentino et al. 2011 ). RCJs were made using a 1-9 Likert scale indicating low-to-high confidence, as for JOLs. This procedure was repeated for two study-test blocks (with different stimuli per block), yielding a total of 30 trials for each TBS session/ condition.
In addition to the trial-by-trial JOL and RCJ awareness ratings described above, participants also made global memory awareness judgments at two points during each study-test block of the experiment. After each study block and before each corresponding test block, participants made global predictions of performance, indicating how many correct answers, of 15 possible, they believed that they would provide on that given test block. Similarly, after completing each test block, participants provided a global postdiction of performance by indicating how many correct answers they believed they had provided. Comparisons among mean values for the three stimulation conditions used repeated-measures ANOVAs.
Results
Recognition Memory Performance
We first assessed item recognition memory performance. TBS location had no significant influence on the rate of selection of old objects over new objects irrespective of whether the old item selected was the correct associate or another old object (F 2,34 = 0.08, ns), with no significant pairwise differences among stimulation locations (all P values > 0.72). Item recognition memory was near ceiling levels for all stimulation locations [mean item hit rates = 0.95 (SE = 0.06) for control, 0.95 (SE = 0.06) for dorsolateral, and 0.96 (SE = 0.01) for frontopolar], with only 0-4 item-based false alarm errors made by any given participant (mean false alarms = 0.09 across all conditions and blocks). Thus, all analyses of memory awareness that follow concern associative recognition rather than item recognition, as there was no performance variability for item recognition to support analyses of corresponding awareness variability. JOL and RCJ confidence measures therefore corresponded only to correct or incorrect associative responses (i.e., hits or misses) according to the instructions given to participants.
Associative recognition accuracy was computed as the proportion of correct associative-recognition hits during the test phase. The chance rate of performance (correct guessing) was 0.05 given the format of the test and all participants performed substantially above chance for all three TBS conditions, which was significant at the group level [mean hit rates = 0.52 (SE = 0.05) for control, 0.53 (SE = 0.06) for dorsolateral, and 0.57 (SE = 0.07) for frontopolar; all P values < 0.001 vs. chance]. Mean performance levels also did not vary by stimulation location (F 2,34 = 0.03, ns), and there were no significant pairwise differences between any two TBS locations (all P values > 0.86).
Thus, TBS location had no significant effect on associative-recognition accuracy.
It is possible that chance levels could have differed from 0.05 given that the associative-recognition test format included item sampling without replacement. That is, whenever participants made a correct response and were confident in the response, the selected item would effectively be removed from the pool of possible options and the chance rate would increase slightly (i.e., 1/20 chance rate before any correct responses were made, 1/19 after one correct response was made, 1/18 after two correct responses were made, etc.). Furthermore, it is possible that TBS location could have influenced participants' abilities to track correct responses and therefore TBS location could potentially have influenced accuracy if calculated using a chance rate that accounted for each individual's performance. To evaluate this possibility, we recomputed accuracy controlling for inflated chance accuracy with each correct response (see Supplementary Materials for a description of the correction procedure and analyses of corrected values). Accuracy remained significantly above chance for all TBS locations following this correction. Further, TBS location had no significant effect on corrected accuracy values, thus replicating the lack of effects of TBS location on associative-recognition accuracy for non-corrected values.
Memory Awareness During Study
JOLs made during study were analyzed separately for subsequent correct versus incorrect associative-recognition responses in order to identify effects of TBS location on memory awareness during study. Higher memory awareness accuracy would be indicated by a better correspondence between JOL rating values and subsequent associative memory performance (i.e., higher JOLs for subsequent correct responses and/or lower JOLs for subsequent incorrect responses). As displayed in Figure 3A , JOL ratings for later correct associative-recognition trials (hits) did not vary by TBS location (F 2,34 = 0.30, ns). In contrast, JOL ratings did differ for later incorrect associative-recognition trials (misses) (F 2,34 = 3.68, MSE = 0.72, P = 0.03, η 2 p = 0.18; Fig. 3B ). Post hoc paired-samples t-tests indicated that this effect for misses was driven by significantly lower (i.e., more accurate) JOL ratings for frontopolar TBS versus control (t 17 = 3.77, P = 0.002, Cohen's d = 0.95). Frontopolar JOL ratings were also marginally lower for misses than those given for dorsolateral TBS (t 17 = 1.87, P = 0.08, Cohen's d = 0.52). No significant differences were observed between dorsolateral and control. Thus, frontopolar stimulation was selective in enhancing memory awareness by reducing JOL ratings for associations that were later forgotten during test.
Memory Awareness During Test
RCJs made during test were analyzed separately for correct versus incorrect associative-recognition responses. Higher memory awareness would be indicated by better correspondence between RCJ rating values and associative-recognition performance (i.e., higher RCJs for correct responses and/or lower RCJs for incorrect responses). For correct associative-recognition trials (hits), we observed a marginal main effect of RCJs according to stimulation location (F 2,34 = 2.98, MSE = 0.56, P = 0.06, η 2 p = 0.15; Fig. 3C ). Pairwise comparisons indicated that ratings were significantly higher for frontopolar TBS compared with control (t 17 = 2.78, P = 0.01, Cohen's d = 0.48). RCJ ratings were also marginally higher for dorsolateral TBS compared with control (t 17 = 1.86, P = 0.08, Cohen's d = 0.44) but did not differ significantly between frontopolar and dorsolateral TBS (t 17 = 0.008, P = 0.99). A similar analysis for the incorrect recognition trials (misses) did not reveal a main effect of stimulation location (F 2,34 = 0.66, ns; Fig. 3D ), nor were any pairwise differences significant (all pairwise P values > 0.36). Thus, frontopolar stimulation was selective in enhancing memory awareness by increasing RCJs for correct associative-recognition responses.
Trial-by-trial Correspondence of Performance and Awareness
To test effects of TBS on trial-by-trial correspondence between objective performance and subjective awareness ratings (i.e., resolution), we computed non-parametric Goodman-Kruskal γ correlations (Nelson 1984) . Analyses were performed separately for study (trial-by-trial JOLs correlated with subsequent associative memory accuracy) and for test (trial-by-trial RCJs correlated with associative memory accuracy). There was a marginal main effect of stimulation location on γ correlations for JOLs (F 2,34 = 3.02, MSE = 0.10, P = 0.06, η 2 p = 0.15) and a significant linear effect (F 1,17 = 7.41, MSE = 0.08, P = 0.01, η 2 p = 0.47; Fig. 3E ). This linear effect reflected increasing JOL-accuracy correspondence across the control, dorsolateral, and frontopolar TBS locations. The individual-participant variability of γ correlations for JOL-performance correspondence across treatment conditions is displayed in Figure 4 . Whereas there was substantial individual variability in γ correlation values for the control location (Fig. 4, top panel) , frontopolar TBS was very consistent across participants in increasing γ correlation values (Fig. 4, bottom panel) , whereas the increase for dorsolateral TBS was less consistent (Fig. 4,  middle panel) .
Overall, mean RCJ γ correlations were substantially higher than those observed for JOLs (F 1,17 = 75.56, MSE = 0.11, P < 0.001, η 2 p = 0.82), consistent with some previous research suggesting that RCJs can more accurately reflect performance than JOLs (e.g., Dougherty et al. 2005; Wattier and Collin 2011) . However, TBS location did not significantly influence γ correlations for RCJs (F 2,34 = 0.46, ns).
To complement these analyses of JOL and RCJ γ correlation, we also used an alternative Type-2 ROC computation that guards against the influence of response bias (i.e., or the degree to which an individual is prone to respond with high or low confidence regardless of actual judgment accuracy) on the relationship between subjective rating and response accuracy (see Maniscalco and Lau 2012; Fleming and Lau 2014) . This additional analysis replicated our finding of a significant linear increase in JOLperformance accuracy across TBS conditions as well as no TBS effect on RCJ-performance accuracy (see Supplementary Materials for computational details and findings).
Global Awareness Ratings
Calibration between recognition performance and global predictions and postdictions were analyzed using bias scores. These scores were calculated by subtracting the raw number of correctly identified associations from the raw number of associations they estimated that they would identify prior to beginning the test ( predictions) or the number of associations that they believed they correctly identified after completing the test ( postdictions). A bias score of zero would represent perfect calibration between global awareness and performance, a positive value would represent overconfidence, and a negative value would represent underconfidence. Mean bias scores did not vary significantly by TBS for either predictions or postdictions (F 2,34 = 0.23, ns, and F 2,34 = 1.03, ns, respectively). Mean bias values across all conditions were −2.07 items for predictions and −3.75 items for postdictions, suggesting a pattern of general underconfidence in global awareness. Finally, TBS location did not interact significantly with global judgment type ( predictions: F 2,34 = 0.75, ns; postdictions: F 2,34 = 0.56, ns).
No Disruptive Effects of TBS on Cross-Trial Interference/Integration
One interpretation of these effects is that increased memory awareness reflected an attenuation of the extent to which awareness responses were influenced by previous (i.e., interfering) trials. To test this possibility, we performed a control analysis of the relationship of JOL ratings on one trial to the next trial by correlating ratings made on trial n with ratings made on trial n + 1. Given that ratings on the previous trial should have been irrelevant with respect to the rating made on the current trial, then a decrease in correlation would be expected with frontopolar TBS to the extent that the effects of TBS on accuracy of memory awareness were due to disruption of cross-trial interference/integration. The mean correlation values were near zero, indicating no reliable influence, and there was no effect of stimulation location on ratings (mean correlation for control TBS = −0.04, dorsolateral TBS = 0.02, and frontopolar TBS = −0.10; (F 2,34 = 1.67, ns). Thus, a significant increase in JOL-accuracy correspondence (i.e., improved memory awareness accuracy) based on stimulation location shown in Figure 3E was not due to a reduction in the influence of one trial's ratings on the next. We performed a similar control analysis for RCJ ratings during test. Interestingly, frontopolar TBS was selectively associated with an increase in the correlation between RCJ ratings made on one trial versus the next [i.e., increased correlation of RCJ on trial n with trial n + 1; mean correlation for control TBS = −0.09, dorsolateral TBS = 0.02, and frontopolar TBS = 0.25; F 2,34 = 3.96, MSE = 0.14, P = 0.03, η 2 p = 0.19]. Pairwise comparisons indicated that this increased correspondence was higher for frontopolar TBS compared with control TBS (t 17 = 2.61, P = 0.02, Cohen's d = 0.85), and it was marginally higher for frontopolar TBS compared with dorsolateral TBS (t 17 = 1.92, P = 0.07, Cohen's d = 0.58). However, no influence of dorsolateral TBS was found compared with control TBS (t 17 = 0.90, ns). This is opposite to what would have been expected if frontopolar TBS inhibited the role of frontopolar cortex in integrating across trials and suggests that, alternatively, this integrative function may have been enhanced during test by frontopolar TBS.
Notably, RCJ ratings were more accurate following frontopolar TBS (Fig. 3C) , not less accurate, as would be expected if the previous trial were interfering more with the current trial. We thus performed a similar analysis on accuracy values, given that correlated RCJ ratings from one trial to the next could have truly reflected increased correspondence in accuracy. For this analysis, accuracy was treated as a binary variable and the ϕ coefficient was used to measure correlation. This analysis identified a selective increase in the correlation of accuracy made on one trial compared with accuracy on the next trial due to frontopolar TBS (i.e., increased correlation of accuracy on trial n with trial n + 1; mean correlation for control TBS = −0.02, dorsolateral TBS = −0.04, and frontopolar TBS = 0.07; (F 2,34 = 3.16, MSE = 0.02, P = 0.05, η 2 p = 0.16). Pairwise comparisons indicated that frontopolar TBS was marginally higher than control TBS (t 17 = 1.96, P = 0.07, Cohen's d = 0.45), and frontopolar TBS was significantly higher than dorsolateral TBS (t 17 = 2.13, P = 0.05, Cohen's d = 0.50), yet dorsolateral TBS did not differ versus control TBS (t 17 = 0.43, ns). Thus, frontopolar TBS increased the local structure of memory success, whereby successful performance on one trial was associated to a higher degree with successful performance on the subsequent trial after frontopolar TBS compared with the other TBS conditions. This pattern is opposite of what would have been expected had frontopolar TBS disrupted interference/integration from one trial to the next; in fact, this influence was increased during test. Notably, this finding is unrelated to the significant effects of TBS on JOL ratings during study, as the order of stimuli during test was irrelevant to ratings made during study.
Discussion
Bilateral TBS of frontopolar cortex significantly improved awareness of associative-recognition memory during both study and test, relative to bilateral dorsolateral prefrontal TBS and to bilateral control TBS. During study, this improvement for frontopolar TBS versus both control TBS and dorsolateral TBS was indicated by better correspondence between JOL ratings and subsequent accuracy (lower JOL ratings for items that went on to be forgotten). In contrast, dorsolateral TBS did not significantly improve JOL ratings versus control TBS. These effects were further confirmed by analysis of trial-by-trial correspondence between JOL ratings and subsequent accuracy (γ correlation), which indicated a significant linear effect reflecting increasing JOL-performance correspondence across the control, dorsolateral, and frontopolar The three panels show, for each participant, the correspondence between JOL and test accuracy (γ correlations) in the control condition, the change in γ correlations for dorsolateral TBS (vs. control), and the change in γ correlations for frontopolar TBS (vs. control).
TBS locations. During test, frontopolar TBS improved correspondence between RCJ ratings and accuracy (higher RCJ ratings for correct items) versus control TBS. Dorsolateral TBS produced the same effect relative to control TBS, but with marginal significance. The trial-by-trial correspondence of awareness with objective performance (γ correlation) identified for JOLs at study was not evident for RCJs at test. This could have been due to the fact that γ correlation was much higher overall for RCJs than JOLs (e.g., Dougherty et al. 2005) , thus obscuring possible enhancing effects of TBS (i.e., ceiling effects). In contrast to these effects of TBS on memory awareness, TBS had no significant effects on accuracy of associative-recognition responses (i.e., objective performance). This indicates that effects of TBS were specific to memory awareness, and thus did not reflect global/nonspecific influences of TBS on memory performance.
Collectively, these results suggest relatively greater involvement of frontopolar compared with dorsolateral prefrontal cortex in memory awareness, consistent with previous hypotheses of greater frontopolar involvement based on hierarchical rostrocaudal organization of prefrontal cortex (e.g., Fuster 1997; Koechlin and Hyafil 2007; Koechlin and Summerfield 2007; Badre 2008; Badre and D'Esposito 2009) . By targeting frontopolar versus dorsolateral prefrontal cortex with TBS in healthy individuals, we provided anatomical specificity that extends inferences derived from lesion-deficit studies (e.g., Burgess et al. 2010 ) that frontopolar cortex makes necessary/causal contributions to memory awareness. Although some studies have identified lateralized material-specific effects of TBS to frontopolar cortex in visual perception tasks (e.g., right frontopolar TBS effects using images in Costa et al. 2013 , and left frontopolar TBS effects using words in Costa et al. 2011) , we used bilateral stimulation in order to more specifically focus on memory awareness rather than on material specificity. Future studies could test for laterality differences in frontopolar TBS effects on memory awareness. Surprisingly, frontopolar TBS improved, rather than impaired, memory awareness for both JOL and RCJ responses. This is interesting in light of the proposal that frontopolar cortex is involved in memory awareness because it receives converging input from a variety of more posterior regions associated with memory processing, thus serving as the "capstone" of a rostrocaudal hierarchy for awareness, monitoring, and cognitive control (e.g., Friston 2005; Koechlin and Hyafil 2007; Badre 2008; Passingham and Wise 2012) . To the extent that this converging input to frontopolar cortex is necessary for successful memory awareness, the increases in accuracy of memory awareness that we observed following frontopolar TBS could have been due to increased interactivity of frontopolar cortex with other memory-processing regions. Indeed, Gratton et al. (2013) identified increased functional connectivity of distributed prefrontal cortex networks following TBS. Although mechanisms for TBS-induced increases in functional connectivity of prefrontal cortex remain unclear, such increases provide parsimonious explanation for the results reported here that is consistent with previous theorizing on the importance of frontopolar connectivity for memory awareness. The current study used continuous TBS, as did those just summarized, rather than intermittent TBS. Future studies could examine effects of intermittent versus continuous TBS on prefrontal function, which could potentially lead to distinct effects (e.g., Dayan et al. 2013 ).
An alternative interpretation of our effects based on the notion that TBS has disruptive effects on function (Dayan et al. 2013 ) is that increased memory awareness after frontopolar TBS reflected reduction in the extent to which awareness responses were influenced by across-trial interference. That is, if TBS caused an inhibition-like disruption of memory for stimuli other than those present on the current trial, owing to a potential role of frontopolar cortex in integration across trials and similar working-memory functions (cf. Badre and Wagner 2004) , then awareness ratings for the immediate trial could have been more accurate due to a reduction in disruptive levels of interference from competing representations. However, this possibility seems unlikely given that TBS had no influence on memory accuracy, which would have been expected if enhancing the accuracy of awareness responses were due to disruption of memory representations. Furthermore, results from control analyses were inconsistent with the interference explanation. Regarding JOLs, there was no effect of stimulation location on the magnitude of correlations between ratings of one trial with the subsequent trial. Had frontopolar TBS improved JOL-accuracy correspondence by producing disruptive effects on influence/ interference from one trial to the next, then trial-to-trial correlations would have been expected to be decreased following frontopolar TBS compared with other TBS locations. Regarding RCJs, frontopolar TBS produced an increase in correlation of ratings from one trial to the next, not a decrease, which was likely due to the fact that accuracy was also more correlated from one trial to the next following frontopolar TBS compared with other TBS locations. Thus, frontopolar TBS actually increased, rather than decreased, the influence of information processing from one trial to the next. These patterns are opposite of what would have been expected based on the interpretation that TBS increased awareness accuracy by disrupting normal prefrontal involvement in working-memory maintenance and cross-trial integration of representations. These patterns are instead consistent with the facilitation hypothesis motivated by the fMRI connectivity findings of Gratton et al. (2013) .
Our findings contribute to the understanding of proposed differential roles of rostral prefrontal cortex in imagining performance in the future (Addis et al. 2007; Buckner and Carroll 2007) and forming intentions toward future behavior (e.g., Okuda et al. 2007; Costa et al. 2013) , versus lateral frontal cortex in confidence judgments based on immediately available mnemonic information (e.g., Pannu and Kaszniak 2005; Morgan et al. 2014) . In contrast to these accounts, we found that frontopolar cortex stimulation had the most robust effect on both JOL and RCJ ratings. Indeed, there was a linear increase in JOL-accuracy correlations for control, dorsolateral, and frontopolar stimulation (Fig. 3E ) and effects on RCJ confidence were robust only for frontopolar stimulation (Fig. 3C) . Thus, our findings are consistent with the interpretation that frontopolar cortex is critical for prospective judgments but inconsistent with the view that this role is selective for prospection. Our findings suggest instead that frontopolar cortex is involved both in prospective judgments of future memory performance as well as in using immediately available mnemonic information to make confidence judgments. It is important to note however that prospective and RCJs are similar in the sense that both involve evaluation of the strength/quality of memory processing that occurred for the immediately preceding stimulus, and thus shared anatomical substrates are not unreasonable.
Some previous findings have emphasized frontopolar involvement in general awareness, including awareness of memory as well as of perception (Baird et al. 2013) , whereas other findings have suggested unique roles of frontopolar cortex in perception awareness rather than memory awareness . For instance, found that patients with anterior prefrontal lesions have awareness deficits for visual perception but not for verbal recognition memory. However, it is unclear whether these relatively diffuse prefrontal lesions affect lateral versus medial sub-regions of frontopolar networks implicated in perceptual versus memory awareness (Baird et al. 2013) . Furthermore, the nature of the memoranda (verbal vs. visual) might influence the loci of neural processing related to memory awareness. The current study did not attempt to distinguish frontopolar involvement in perception versus memory awareness, but findings nonetheless support conclusion that frontopolar cortex is not specific in supporting perception awareness versus memory awareness.
It should be noted that frontopolar TBS influenced JOL ratings for subsequent misses (rather than subsequent hits) and RCJ ratings for hits (rather than misses). Instead of proposing any specific relationship between JOL ratings to subsequent misses and RCJ ratings to hits, we speculate that whether frontopolar TBS influences hits versus misses should depend on the nature of the task and on the subjective experience of confidence for hits and misses given task parameters. Overall, individuals did not experience strong subjective distinctions between subsequent hits and misses as indicated by small differences in JOL levels for laterhits versus later-misses (e.g., Fig. 3A vs. B) and relatively low JOL-accuracy correlation (Fig. 3E) . Indeed, many factors complicate the relationship between confidence at study and later performance (i.e., the variable success of retention, unpredictable levels of interference from forthcoming related stimuli, and uncertainty regarding the specific format of the subsequent test trial). Frontopolar TBS thus likely served to make individuals more aware of the type of encoding failure that robustly leads to poor later performance (i.e., because success prediction is more variable). In contrast, participants experienced strong and immediate differences in confidence between hits and misses during test, as indicated by RCJ ratings that highly distinguished these categories (e.g., Fig. 3C vs. D) . In this circumstance, misses were likely readily categorized as such, and increases in hit RCJ ratings were likely due to heightened sensitivity to the type of retrieval success robustly related to correct performance. Thus, for both JOLs for later-misses and RCJs for hits, frontopolar TBS likely served to increase the sensitivity of the judgment, and different testing conditions could alter which type of responses (hits or misses) benefit from such increased sensitivity.
Under many circumstances, memory awareness is used to monitor the success of learning and can support various control functions that serve to improve learning (e.g., Koriat and Goldsmith 1996; Dunlosky and Bjork 2008; Metcalfe 2013) . It is therefore noteworthy that frontopolar TBS did not improve memory performance in the current experiment, despite improved memory awareness. However, several features of our memory test likely served to limit participants' ability to effectively control learning based on memory awareness/monitoring. For instance, memoranda included novel and complex fractal stimuli arbitrarily paired with objects, and therefore most potential mnemonic strategies were reduced or eliminated (i.e., strategies based on semantic labeling, intentional rehearsal, or sustained mental imagery of stimuli). Further, each study stimulus pair was presented only once for a fixed duration, eliminating control strategies involving self-selection of study frequency and/or duration. Under self-controlled learning circumstances, improvement of memory awareness due to frontopolar TBS could potentially yield gains in memory performance. For instance, a region of frontopolar cortex overlapping the location stimulated in the current experiment was recently found to support judgments regarding what information to sample during associative learning, and these judgments enhanced later memory performance ).
Disruptions of memory awareness can occur in addition to poor objective performance in cases of clinical memory impairment (McGlynn and Kaszniak 1991; Boake et al. 1995; Perrotin et al. 2007; Salmon et al. 2008; Hainselin et al. 2012) . Poor memory awareness could exacerbate problems with objective memory performance by hindering learning strategies normally supported by memory awareness, such as monitoring (Nelson and Narens 1980,1990; Chua et al. 2014) . Impaired awareness of memory deficits could furthermore hinder identification of memory problems and consequently preclude intervention (Pannu and Kaszniak 2005; Souchay 2007; Cosentino 2014) . Our finding of improved memory awareness due to frontopolar TBS thus holds promise as a potential treatment in cases of memory awareness impairment. However, future research will be needed to determine whether such improvement can occur in clinical populations, and whether the duration of improvement could be extended with clinically oriented stimulation regimens (e.g., . Given the specificity of our continuous TBS stimulation to rostral prefrontal cortex, we provide evidence that frontopolar cortex has a causal role in memory awareness in healthy individuals and that memory awareness can be improved noninvasively. The current findings therefore motivate focus on this region as an intervention target in cases of impaired memory awareness.
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